Monitoring global agriculture systems relies on accurate and timely cropland information acquired worldwide. Recently, the NASA Making Earth System Data Records for Use in Research Environments (MEaSUREs) Program has produced Global Food Security-support Analysis Data (GFSAD) cropland extent maps at three different spatial resolutions, i.e., GFSAD1km, GFSAD250m, and GFSAD30m. An accuracy assessment and comparison of these three GFSAD cropland extent maps produced and published by different researchers was performed to establish their quality and reliability for monitoring croplands both at global and regional scales. Large area (i.e., global) assessment of GFSAD cropland extent maps was performed by dividing the entire world into regions using a stratification approach and collecting a reference dataset using a simple random sampling design. All three global cropland extent maps were assessed using a total reference dataset of 28,733 samples. The assessment results showed an overall accuracy of 72.3%, 80-98%, and 91.7% for GFSAD1km, 250 m (only for four continents), and 30 m maps, respectively. Additionally, a regional comparison of the three GFSAD cropland extent maps was analyzed for nine randomly selected study sites of different agriculture field sizes (i.e., small, medium, and large). The similarity among the three GFSAD cropland extent maps in these nine study sites was represented using a similarity matrix approach and two landscape metrics (i.e., Proportion of Landscape (PLAND) and Per Patch Unit (PPU)), which categorized the crop proportion and the crop pattern. A comparison of the results showed the similarities and differences in the cropland areas and their spatial extent when mapped at the three spatial resolutions and considering the different agriculture field sizes. Finally, specific recommendations were suggested for when to apply each of the three different GFSAD cropland extent maps for agriculture monitoring based on these agriculture field sizes.
Introduction
Agriculture monitoring plays a significant role for ensuring food security, social stability, and for providing information to farmers on crop yield predictions and decision makers for policy and planning purposes [1] . These global monitoring systems require large area cropland information as a key input source to estimate crop yield and identify cropping patterns [2, 3] . The acquisition of consistent cropland information over large areas relies heavily on the use of earth observation data to describe their precise location on the earth's surface. Since the early 1990s, satellite imagery has been used to produce cropland extent maps because of its consistent, timely, and systematic For coarser-resolution imagery (e.g., MODIS), it is difficult to find large homogeneous regions, and therefore, a single coarse-resolution pixel is used as the sample unit in these situations. The goal is to select the best sampling unit to ensure that only thematic error is considered in the accuracy measures and not error due to mis-registration or positional accuracy.
Another issue or limitation when conducting large area assessments is that most have reported just a single accuracy value for the entire world. This approach does not provide any details or information about the accuracy results for different continents or regions. Given the differences in crop growing strategies and patterns between continents, a more appropriate assessment strategy must be used. Such an assessment strategy has been recently used to assess the cropland extent maps of three different continents (i.e., the United States, Africa, and Australia) [43] . Yadav and Congalton [43] described an appropriate assessment strategy for these three continents based on their cropland distribution and reference data availability. This strategy employed a stratification approach to divide the entire world into homogeneous regions, and a sample simulation analysis was conducted to determine the appropriate sample size. Implementing a stratification approach prior to the actual assessment provided an effective means of evaluating the cropland extent maps by considering the diverse cropping patterns of different continents [37] .
The most widely accepted approach for reporting thematic map accuracy results is using an error matrix [22, 42] . The error matrix presents the comparison of reference samples with the map and allows computation of overall, producer's, and user's accuracy [44] . This assessment technique can be used to report these accuracy measures for different regions. In addition, there are some regions, such as the United States and Canada, where a reference cropland data layer (e.g., CDL in the US) exists for comparing the entire map on a pixel by pixel basis. Such comparison results can then also be presented in the form of a similarity analysis which represents the spatial distribution of agreement and disagreement that occurred in the map as compared to the reference map.
Finally, in addition to evaluating each of the three different GFSAD cropland extent maps separately, it is useful to perform a comparison between the maps to evaluate the effectiveness of each spatial resolution for specific user requirements [45, 46] . Mapping at a variety of spatial resolutions raises many inconsistencies, differences, and uncertainties among the estimated cropland areas that can be visualized on the map and are the result of the spatial distribution of cropland patches in different cropping patterns [47, 48] . Therefore, existing and newly developed cropland extent maps must be compared with each other to investigate, determine, and recommend the appropriate spatial resolution for agriculture monitoring given different agriculture field sizes and patterns. Many comparative studies have been performed for existing datasets such as GLC2000, MODIS, International Geosphere-Biosphere Program (IGBP), and National Land Cover Dataset (NLCD) [49, 50] . Despite identifying spatial discrepancies and inconsistencies, particularly in the cropland class on a global scale, these comparison studies have not focused on the adequacy of different spatial resolutions given different agriculture field sizes [1, 51] . The uncertainties in the cropland class of these existing maps could be due to: (1) absence of precise spatial location of the cropped areas; (2) coarse resolution of the map products, with significant uncertainties in areas, locations, and detail; and (3) invalid assessments of these cropland extent maps.
The recent production of the three different GFSAD cropland extent maps promises to provide more detailed and accurate cropland information with a high amount of certainty in the geographic location of the cropland areas. Therefore, these three different cropland extent maps must be assessed with an appropriate large area accuracy assessment strategy describing their use, reliability, and quality for different continents. However, cropland extent mapping in different agriculture fields sizes can be inconsistent at different spatial resolutions because of the spectral similarity of different fields and differences in similar agriculture fields [52] . The similarities and differences in the characteristics of agriculture landscapes (i.e., crop area proportions and landscape metrics) must also be explored to provide specific recommendations for when to apply the three different cropland extent maps with respect to different field sizes [53] . This kind of regional comparison can be effectively implemented by using a similarity matrix based on a contingency table approach like an error matrix and by categorizing landscape metrics such as landscape proportion for different agriculture field sizes.
Therefore, the two primary objectives of this study are to perform an accuracy assessment of the three different GFSAD cropland extent maps of the world and then evaluate the impact of different agriculture field sizes on global and regional agriculture monitoring. To accomplish the first objective, a large area accuracy assessment was conducted separately for each spatial resolution GFSAD cropland extent map. Three different assessments were performed using a valid large reference data set collected from different sources and sampling simulations to choose the appropriate sample size for each region [42, 43] . Second, regional comparisons of the three GFSAD cropland extent maps were performed by calculating similarity in crop area proportions and landscape heterogeneity in nine random 10 km by 10 km study sites or regions selected in each of three agriculture field sizes (i.e., small, medium, and large). The specific goal of this paper is to provide an appropriate assessment and comparison of three different GFSAD cropland extent maps to resolve many of the short-comings and uncertainties of other cropland extent mapping efforts. Finally, the results of this analysis are used to recommend when it is appropriate to apply each map given the different agriculture field sizes for each continent of the world.
Materials and Methods
This section provides a description of the materials and the methods used to assess and compare the three different GFSAD maps. It consists of the following sub-sections: (1) Study area, (2) Datasets, and (3) Methodology.
Study Area
Two different study areas were used in this investigation. These are: (1) the entire world divided into eight, four, and fifteen zones to perform the assessment of GFSAD 1 km, 250 m, and 30 m cropland datasets, respectively; and (2) nine random 10 km by 10 km analysis areas used to perform the comparison of GFSAD maps by field size.
To perform the comparison, the agriculture field sizes of the entire world were grouped into three classes using a global field size map from International Institute for Applied Systems Analysis and International Food Policy Research Institute (IIASA-IFPRI). This map classified global field sizes ranging from 10 to 40 hectares (ha) at 1 km spatial resolution based on data collected via a Geo-Wiki crowdsourcing campaign [3] . The three classes of agriculture field size used in the study were: 10-20 ha (small), 20-30 ha (medium), and 30-40 ha (large). Nine study sites were randomly selected, with three in each agriculture field size across the entire world (Figure 1 ). Table 1 shows the distribution of selected study sites in different continents and agriculture field sizes.
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Study Area
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Datasets
Four datasets were necessary to conduct the accuracy assessment of the GFSAD cropland extent maps. The first three datasets were the maps themselves at the three spatial resolutions (Figure 2) , and the fourth was the reference data set used for comparison. The basic requirements and techniques to perform the thematic map assessment have been reviewed by many researchers in the past [22, 24, 42] . One of the key elements of the assessment is to ensure that the same appropriate classification scheme was used for collecting both the training data and the reference data. A well-defined classification scheme helps to reduce the risk of misunderstanding and inconsistencies while comparing and assessing the mapping products [42, 54] . Therefore, a common GFSAD classification scheme was used to generate the three GFSAD cropland extent maps at different spatial resolutions and to collect the reference dataset used to validate these cropland extent maps. This classification scheme defines the cropland class as "lands cultivated with plants, harvested for food, feed, and fiber, including both seasonal crops (e.g., wheat, rice, corn, soybeans, and cotton) and continuous plantations (e.g., coffee, tea, rubber, cocoa, and oil palms)". The fallow croplands are defined as "lands uncultivated during a season or a year but are farmlands and are equipped for cultivation, including plantations (e.g., orchards, vineyards, coffee, tea, rubber) [5] . The cropland extent maps include all the planted crops and fallow lands. Non-croplands include all land cover classes other than croplands and cropland fallow.
Accuracy assessment was conducted on the three cropland extent maps (GFSAD1km, GFSAD250m, and GFSAD30m). These maps were produced for the entire world with the exception of the GFSAD250m cropland extent map, which is only available for four of the continents. These cropland extent maps are listed in Table 2 , describing their mapping year, spatial resolution, input data, assessment regions, and classification scheme.
The GFSAD1km cropland extent map was derived as a disaggregated five class global cropland extent map at nominal 1 km resolution using four existing multi-study crop mask layers [4, 31, 55] . Two of the five classes are dominated by irrigated and rain-fed agriculture. The other three classes have minor/very minor fractions of croplands. The irrigation minor class represents the areas irrigated by small reservoirs, irrigation tanks, open wells, and other minor irrigation. The GFSAD1km cropland extent map is available online with these five irrigated and rainfed classes, was downloaded, and a cross-walk was developed to simplify the five classes into a crop/no-crop class map for assessment and comparison with other GFSAD cropland extent maps (Figure 2) .
The GFSAD250m was developed at a spatial resolution of 250 m using MODIS satellite data for only selected regions of the world (the United States (US), Australia, Africa, and South-Asia as shown in Figure 2 ). The cropland extent maps of each selected region were developed by different mapping teams as a part of the GFSAD project [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] .
The GFSAD30m cropland extent map was developed at a spatial resolution of 30 m for 6 continents using multi-temporal Landsat satellite imagery [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . This cropland extent map was generated for the nominal year 2014 using an automated classification algorithm (i.e., random forest classifier) on the cloud-computing Google Earth Engine (GEE) platform. Figure 2 shows the cropland areas mapped in the GFSAD30m cropland extent map for the entire world. In addition to the three different GFSAD cropland extent maps, the fourth and final dataset used in this study is the global reference dataset collected at the same three spatial resolutions from various sources to perform the accuracy assessment. These different sources of reference data include existing reference samples and maps (e.g., crowd-sourced Geo-wiki data and USDA Cropland Data Layer), ground-collected data, very high-resolution image (VHRI) interpreted reference samples collected by a GFSAD team member stored on the cropland.org database, and an independently generated reference data by the accuracy assessment team (Table 3 ). In addition to the three different GFSAD cropland extent maps, the fourth and final dataset used in this study is the global reference dataset collected at the same three spatial resolutions from various sources to perform the accuracy assessment. These different sources of reference data include existing reference samples and maps (e.g., crowd-sourced Geo-wiki data and USDA Cropland Data Layer), ground-collected data, very high-resolution image (VHRI) interpreted reference samples collected by a GFSAD team member stored on the cropland.org database, and an independently generated reference data by the accuracy assessment team (Table 3) . One of the existing reference data sources is IIASA's Geo-wiki reference data, which is a global, but sparsely distributed, crowd-sourced dataset usually collected by experts using high-resolution images [18, 20] . Geo-wiki reference data consists of varying size polygons located across the entire world and a legend showing the percentage of cropland in each sample [56] . The reference samples were evaluated by IIASA experts using high-resolution images through the Geo-wiki crowdsourcing land cover validation tool [28] . This dataset has been proven to be valuable in accuracy assessment of 1 km mapping products [28, 57] . Both crop and no-crop reference samples selected in our work were 1 km by 1 km homogeneous polygons which were reviewed, re-interpreted, and used to assess the GFSAD1km cropland extent map for the year 2010.
A second existing reference source is high-quality reference cropland extent maps such as the USDA Cropland Data Layer (CDL) and the Agriculture and Agri-Food Canada (AAFC) cropland layers. The National Agricultural Statistics Service (NASS) of the United States Department of Agriculture (USDA) developed the CDL product for the entire United States [58] . The CDL product is a comprehensive, raster-formatted, geo-referenced, and crop-specific land cover map that utilizes ortho-rectified imagery to identify field crop types accurately and geospatially. Similarly, the AAFC Annual Space-Based Crop Inventory for Canada provides information at 30 m spatial resolution for the location, extent and changes in Canadian crops [59] . Since 2011, AAFC has consistently delivered an annual crop inventory for all the Canadian provinces. These existing data sources provide annual and continuous cropland information at a high spatial resolution.
To supplement existing maps and sample datasets, new reference data on croplands were also generated from: (1) the field campaigns conducted by the GFSAD mapping teams [6, 11, 14] and (2) the interpretation of high-resolution imagery (HRI) by the team members of the GFSAD project. These field campaigns provided reference data not only on crop extent (cropland vs. no-cropland), but also on crop type, irrigated vs. rain-fed, and crop intensity (single, double crop per year). For example, campaigns were conducted for Australia and South-East Asia in the years 2014 and 2015, respectively.
Most of the new reference data was obtained by interpretation of HRI. Two collection efforts were employed. First, one GFSAD project team member interpreted a great deal of HRI imagery of multiple years and sub-meter spatial resolution for use by the entire GFSAD team. These interpreted samples were split 60/40 with 60 percent of the data being used by the mapping teams for training and testing of their classification algorithms. Forty percent was set aside and hidden from the mapping teams and used in the process of accuracy assessment. The accuracy assessment team used this 40 percent of the reference data, but only after reviewing each sample and confirming the interpretation. If both interpreters agreed, then the sample was selected for use. Second, a supplemental independent set of reference samples was generated by visual interpretation of Google Earth imagery solely by the accuracy assessment team. Again, here, two interpreters were used to ensure high accuracy in the reference data. These samples were collected for many low-cropland regions (e.g., Australia and Africa) to either supplement the low sample size or to achieve a proportional reference data size necessary to perform a valid accuracy assessment of the three different GFSAD cropland extent maps.
Methodology
The objectives of this study were accomplished using two main methods: (1) thematic map accuracy assessment and (2) map comparison. First, to perform large area thematic accuracy assessment of the three GFSAD cropland extent maps, an assessment strategy was employed based on the availability of reference data, cropland distribution, and mapping strategies used for each continent [43] . Second, the comparison of GFSAD cropland extent maps was performed on randomly selected analysis areas of 10 km by 10 km in the three different agriculture field sizes. The overall methodology ( Figure 3 ) that was followed to assess and compare the three different GFSAD cropland extent maps is described in the following two sub-sections:
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The accuracy assessment of the three GFSAD cropland extent maps was executed in the following steps: (1) Stratification, (2) Sampling, and (3) Assessment Technique. An appropriate assessment strategy was used, employing a stratification approach to divide the entire world into homogeneous regions followed by a sampling design derived from the results of a sampling simulation analysis.
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The three cropland extent maps were stratified specifically according to their mapping strategy, reference data availability, and the spatial resolution. For example, the GFSAD1km cropland extent map was assessed using 8 regions based on the availability of a proportional and optimum size of reference data available from IIASA's Geo-wiki. Similarly, the GFSAD250m cropland extent map was assessed using 4 regions mapped simply as the four different continents. Finally, the GFSAD30m cropland extent map was assessed using 15 regions which were combined with country boundaries from the original 72 AEZ-based homogeneous regions (Table 4) . Second, an appropriate sampling approach is comprised of a sampling scheme, a sample unit, and a sample size (i.e., appropriate number of samples) for collecting valid reference data. The sampling design needs to be easy to implement and capable of accounting for the proportion of high and low map categories such as crop and no-crop distribution in different continents in order to perform the assessment on a global scale [41] . A simple random sampling scheme was employed for each region to collect a sample proportional to the cropland and non-cropland extent map class distribution. A sample unit of 90 m × 90 m was used to collect reference samples to assess the GFSAD30m cropland extent map. In contrast, sample units of 250 m × 250 m and 1 km × 1 km were used to assess the GFSAD250m and GFSAD1km cropland extent maps, respectively. The most challenging component of sampling is the collection of a sufficient number of samples. The number of samples to assess the GFSAD1km cropland extent map was determined based on the availability of Geo-wiki samples and the proportional area of the different regions. After a thorough review of Geo-Wiki dataset, it was observed that all the eight regions could be sampled with a minimum sample size of 200. This minimum sample size was balanced with the area proportions in each region. To assess the GFSAD250m and GFSAD30m cropland extent maps an optimum sample size of 250 was selected based on a Monte Carlo sampling simulation analysis.
Third, the accuracy of the three different GFSAD cropland extent maps was evaluated using two different assessment techniques: (1) an error matrix and (2) a difference image. First, error matrices were generated by comparing the map and reference labels using a program written in R. The error matrix was then used to calculate various measures of accuracy including overall, producer's, and user's accuracies [22, 44] . Second, a difference image was generated by comparing the GFSAD250m and GFSAD30m cropland extent map for the United States with the resampled and cross-walked CDL reference map. This analysis was possible only for the US because of the availability of this CDL reference map. The two difference images generated at two different spatial resolutions clearly demonstrated the spatial distribution of agreement and disagreement between these two thematic maps.
Comparison
The three different cropland extent maps were compared for the three different agriculture field sizes based on the following three characteristics observed at the three different spatial resolutions: (1) the look of the map, (2) cropland area similarity, and (3) heterogeneity or clumping in the cropland landscape. First, the look of the spatial extent of the cropland patches at three different spatial resolutions was compared with the expected cropland distribution from high-resolution reference images to show how the map looks at each resolution. This method is simply a qualitative comparison. Second, the similarity of cropland areas mapped at different spatial resolutions was determined based on a contingency table approach in the form of a similarity matrix [61] . The area of each mapped class of the fine resolution cropland extent map was presented in the rows while the area of each class on the coarse resolution map was presented in the columns of the similarity matrix (Table 5) . In Table 4 , A 11 and A 22 denote the area that is classified as Class 1 and Class 2, respectively, both in the fine-and coarse-resolution cropland extent maps. The diagonal values represent the consistency or the similarity for each class between the fine and coarse resolution maps. The column totals A +1 and A +2 sums the area of class 1 and class 2 on the coarse resolution map, respectively. Likewise, A 1+ and A 2+ represent the row totals of Class 1 and Class 2, respectively, on the fine-resolution cropland extent map. The commission error (CE) for class i can be evaluated by A +i − A ii /A +i , which represents the percentage of area for class i that is committed from the fine-resolution map. The omission error (OE) for class i in the coarse map can be evaluated by A i+ − A ii /A i+ , which represents the percentage of area for class i that is omitted from the coarse map. The overall similarity (OS) was evaluated by ∑
A +i , which represents the percentage of the area for all classes that are correctly represented in the coarse-resolution map. The calculation of the similarity matrix for crop and no-crop classes was performed in the following seven steps:
1.
The area comparison was initialized with a resampling of 250 m to 240 m map and 1 km to 960 m map, respectively, making all three cropland extent maps comparable with each other. This resampling was necessary to incorporate the 30 m spatial resolution map.
2.
Compute the total number of the square windows (NSW) of the coarse-resolution map required to cover the fine-resolution map. 3.
Place the square window over the fine-resolution map. The value of the square window corresponds to the class label of the coarse-resolution map. 4.
Identification of class label of coarse-and fine-resolution map pixels within the square windows. 5.
Calculate the area of class 1 and class 2 of the fine-resolution map within the coarse pixel. 6.
This comparison was performed by moving a 240 m and 960 m window over different-resolution cropland extent maps (Figure 4 ). Within the moving window, the high-resolution cropland extent map area was calculated. In Figure 4 , each moving coarse-resolution square window represents the area of cropland calculated from high-resolution cropland pixels.
7.
Finally, all the comparisons were reported as a tabular array i.e., a similarity matrix comparing the two pairs of cropland extent maps [61] .
All the above-mentioned comparison steps were implemented on three pairs of combinations (i.e., 960 m-30 m, 960 m-240 m, and 240 m-30 m) for calculating the cropland area mapped at fine spatial resolution within the coarse-resolution pixels at nine study sites with different agriculture field sizes (Figure 4) . Third, two landscape metrics, Per-Patch-Unit (PPU) and the Percentage of LANDscape (PLAND), were calculated and compared for each study site to understand the heterogeneity and clumping in the cropland landscape at three different resolutions with respect to different agriculture field sizes [42] . The most common landscape clumping metric, contagion, was replaced with an alternative, more suitable landscape metric, PPU, because it is less sensitive to spatial resolution and more sensitive to landscape pattern. The PPU values are expected to be low for less fragmented landscapes and increase with landscape fragmentation. The PPU metric was calculated by using PPU=m∕(nxλ) for each study site, where m is the total number of patches, n is the total number of pixels, λ is a scaling constant equal to the area of a pixel and expressed in sq. m. units. In addition to PPU, the PLAND metric was calculated in Fragstats software for each study site to measure landscape composition (i.e., how much of the landscape is comprised of a patch type (e.g., cropland)). The PPU (clumping or fragmentation levels) and PLAND (the percentage of landscape in cropland) were compared by plotting their values for different agriculture field sizes to understand and analyze the discrepancies and similarities among the three different cropland extent maps. Finally, based on the comparison results, more specific insights, suggestions, and recommendations were provided for when to apply the three different GFSAD cropland extent maps considering different agriculture field sizes.
Results
The accuracy assessment of the three different cropland extent maps follow an appropriate assessment strategy implemented in three main steps: (1) stratification, (2) sampling, and (3) accuracy. The first three sub-sections present the accuracy results for three different cropland extent maps performed in a similar fashion. The fourth subsection presents the comparison of the three cropland extent maps.
GFSAD1km Assessment
The accuracy assessment of GFSAD1km cropland extent map was performed in eight regions using 1800 crop and no-crop samples as shown in Figure 5 . Table 6 presents the area of each region, the area proportion of each region, and the number of reference samples used for each. Table 7 reports the overall, producer's, and user's accuracy of GFSAD1km map achieved by region, while Table 8 is Third, two landscape metrics, Per-Patch-Unit (PPU) and the Percentage of LANDscape (PLAND), were calculated and compared for each study site to understand the heterogeneity and clumping in the cropland landscape at three different resolutions with respect to different agriculture field sizes [42] . The most common landscape clumping metric, contagion, was replaced with an alternative, more suitable landscape metric, PPU, because it is less sensitive to spatial resolution and more sensitive to landscape pattern. The PPU values are expected to be low for less fragmented landscapes and increase with landscape fragmentation. The PPU metric was calculated by using PPU=m/(nxλ) for each study site, where m is the total number of patches, n is the total number of pixels, λ is a scaling constant equal to the area of a pixel and expressed in sq. m. units. In addition to PPU, the PLAND metric was calculated in Fragstats software for each study site to measure landscape composition (i.e., how much of the landscape is comprised of a patch type (e.g., cropland)). The PPU (clumping or fragmentation levels) and PLAND (the percentage of landscape in cropland) were compared by plotting their values for different agriculture field sizes to understand and analyze the discrepancies and similarities among the three different cropland extent maps. Finally, based on the comparison results, more specific insights, suggestions, and recommendations were provided for when to apply the three different GFSAD cropland extent maps considering different agriculture field sizes.
Results
GFSAD1km Assessment
The accuracy assessment of GFSAD1km cropland extent map was performed in eight regions using 1800 crop and no-crop samples as shown in Figure 5 . Table 6 presents the area of each region, the area proportion of each region, and the number of reference samples used for each. Table 7 reports the overall, producer's, and user's accuracy of GFSAD1km map achieved by region, while 
GFSAD250m Assessment
The results of the accuracy assessment of GFSAD250m cropland extent map performed in four regions using a reference dataset of 7762 samples includes overall, producer's, and user's accuracy reported in the form of an error matrix ( Figure 6 , Table 9 ). The user's accuracy of crop in Africa is slightly less than other regions (64.6%). The overall error matrix and the overall accuracy of the four regions combined (94.8%) are presented in Table 10 .
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GFSAD30m Assessment
The accuracy assessment of GFSAD30m cropland was map performed in 15 regions using a reference dataset of 19,171 samples as shown in Figure 7 . Table 11 shows the total number of regions, their area, and the reference samples selected for each of the 15 combined regions. The accuracy results of GFSAD30m cropland extent map are presented in an error matrix for the entire world and a difference image, just for the US. First, the overall, producer's, and user's accuracy were calculated for all the 15 regions and presented in Table 12 , along with total number of samples. Most of the regions have high overall accuracy ranging from 84.5% for South-Asia to 98.3% for Mongolia. The overall error matrix and the overall accuracy of GFSAD30m cropland extent map for the entire world (91.7%) are presented in Table 13 .
In addition to the error matrix, the disagreement in the cropland areas mapped in the GFSAD250m and GFSAD30m cropland extent maps are presented in the form of difference images for the US. Creation of the difference images is possible because of the availability of a complete reference map (i.e., CDL). Figure 8A ,B shows the spatial distribution of agreement and disagreement in the cropland areas mapped in the GFSAD250m and GFSAD30m, as compared to the reference, cropland extent maps. The GFSAD250m cropland extent map has only 2% omission error and no commission error in the cropland areas as compared to resampled CDL 250m reference map. The GFSAD30m cropland extent map has 7% omission and 8% commission error in the cropland areas as compared to CDL 30 m map. In other words, the GFSAD30m cropland extent map is 85%, similar to the CDL 30 m reference map.
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Discussion
With the release of three different resolution GFSAD cropland extent maps, it becomes crucial to know their individual accuracy and similarity to make a choice on using these maps in different agriculture field sizes [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . This paper presented an appropriate accuracy assessment and detailed comparison of the three cropland extent maps at random study sites in different agriculture landscapes that are consistent with previous assessment and comparison studies [56] . Therefore, the assessment and comparison results must be discussed to provide insight into the quality, reliability, 
With the release of three different resolution GFSAD cropland extent maps, it becomes crucial to know their individual accuracy and similarity to make a choice on using these maps in different agriculture field sizes [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . This paper presented an appropriate accuracy assessment and detailed comparison of the three cropland extent maps at random study sites in different agriculture landscapes that are consistent with previous assessment and comparison studies [56] . Therefore, the assessment and comparison results must be discussed to provide insight into the quality, reliability, (un)certainty, and similarity of the GFSAD crop extent maps at different spatial resolutions of each region to determine the specific recommendations for their use in different agriculture field sizes [61, 62] .
Assessment of the Three Different GFSAD Cropland Extent Maps
The assessment of the three different cropland extent maps was performed using an accuracy assessment approach involving stratification and appropriate sampling resulting in accuracy measures for different regions of the entire world. The accuracy measures (e.g., overall, user's, and producer's accuracy) estimated for the entire world and within individual regions establish the quality of the three GFSAD cropland extent maps and how they vary by distribution and agricultural field size within each region. The overall accuracy results show that the GFSAD30m cropland extent map (91.7%) is more accurate than the coarse-resolution GFSAD1km map (78.7%). This result was expected, due to the more detailed mapping at a smaller pixel size (i.e., 30 m) that acts to remove the spectral mixing that is common with coarse resolution pixels (Tables 8 and 13 ) [10] . However, the overall accuracy of the GFSAD250m crop extent map (94.8%) is unexpectedly higher than GFSAD30m map. However, this result is easily explained, as this assessment represents only four continents, and not the complexity of the entire world.
The overall accuracies of the three different cropland extent maps were also estimated for different regions in addition to their individual single overall accuracy of the entire world. The overall accuracy for individual regions of the GFSAD1km, GFSAD250m, and GFSAD30m cropland extent maps range from 73.3% to 85.2% in the eight regions, 80.7% to 98.2% in the four regions, and 84.5% to 94.7% in the fifteen regions, respectively (Tables 7, 9 and 12). The reason for achieving different overall accuracies in different regions is related to cropland distribution, proportion, size of the agriculture fields, and cropping patterns of each region. However, the overall accuracies of the GFSAD30m cropland extent maps of each region are still higher than the coarse-resolution GFSAD250m and GSFAD1km maps. Therefore, the single overall accuracy of the three cropland extent maps estimated for each region and the entire world indicate that the high-resolution GFSAD30m cropland extent maps are more accurate than the coarse-resolution maps.
In addition to the single overall accuracy of the cropland extent maps that has been typically reported in the literature, the assessment of each region provides additional information, including crop extent user's and producer's accuracies. It has been shown in this study that the GFSAD1km crop extent user's accuracy is lower (50.7%) than the GFSAD250m (64.6%) and GFSAD30m cropland extent maps (98.5%) in some regions (e.g., Africa) (Tables 7, 9 and 12). These differences are due to the distribution, proportion, and size of the agriculture fields of each region. In contrast, the GFSAD250m crop extent map user's and producer's accuracies of the US, South-Asia, and Australia are higher when compared to Africa. While Australia also has a sparse distribution of cropland like Africa, the cropland distribution is more compact and concentrated toward the edges of the continent. Therefore, due to the differences in the cropland distribution and field size, Australia and Africa achieve different user's accuracies for the GFSAD250m and GFSAD1km crop extent maps.
The accuracy measures estimated in Table 12 show that the GFSAD30m crop extent user's accuracy ranges from 64.1% (Australia) to 100.0% (Iceland). The GFSAD30m crop extent map user's accuracy of Africa (98.5%) indicates that the small size of agriculture fields of Africa when they occur in a heterogeneous cropping pattern can be accurately mapped at high spatial resolution. However, the GFSAD30m user's accuracy of Australia is low because of the sparse cropland distribution and large agriculture field sizes. It can be seen from the assessment results of this paper that the low user's accuracies of crop were mostly reported in the low crop proportion regions of the entire world, irrespective of the spatial resolution of the crop extent map. Therefore, it is important that a detailed analysis of the accuracy measures of low crop probability regions be performed in the future to achieve meaningful assessment results.
In addition to the crop extent user's and producer's accuracy, it is very important to know the spatial distribution of errors in the cropland areas at different resolutions to establish the quality of cropland extent maps for their efficient use at local or regional scales. The difference image generated based on a pixel-by-pixel comparison of the reference and classified cropland extent maps of the US presents the spatial distribution of the omission and commission errors introduced into the cropland regions at 250 m and 30 m spatial resolutions. The high spatial resolution crop extent map (i.e., GFSAD30m) has more omission and commission errors in the cropland areas than the coarser-resolution maps (Figure 8 ). The probability of errors occurring at high spatial resolution increases with an efficient identification of the edges of agriculture fields using an object-based classification approach and the removal of spectral mixing caused by the natural vegetation that is common in a coarse resolution pixel.
Comparison of the Three Different GFSAD Cropland Extent Maps
The comparison of the three different crop extent maps was performed to present the similarity among the three different cropland extent maps in three different agriculture field sizes of different continents (e.g., Australia, United States (US), South-Asia, and Africa) [19] . The similarity among the three crop extent maps were determined using the cropland landscape characteristics (e.g., look, area proportion, and clumping) mapped at different spatial resolutions and different size of agriculture fields (Figures 9-12) . First, the cropland distribution of the three crop extent maps was compared visually to decide how similar they look in different field sizes ( Figure 9 ). As the spatial resolution of the cropland extent mapping increases, the look of the cropland distribution becomes more similar to the ground or other high-resolution imagery (e.g., Google Earth imagery) due to the removal of the spectral mixing from the surrounding pixels that is more common at larger pixels [52] .
Second, the change in the area proportion of the cropland landscape was used to determine the similarity of the three crop extent maps by counting the number of overlapped crop pixels between the coarse-and fine-resolution map using a similarity matrix approach ( Figure 10 ). The percent of cropland areas omitted and committed to the coarse-resolution cropland extent maps due to the change in the pixel size were estimated as omission and commission errors in different agriculture field sizes (Table 15 ) [53] . The quantification of the changes in the cropland area proportions in the form of overall similarity, omission, and commission errors at different resolutions and field sizes are important in determining the similarity among the three different crop extent maps (Figure 11) . Third, the clumping of the cropland patches (i.e., PPU) characteristic of the cropland landscape also experiences changes at different spatial resolutions and field sizes due to fragmentation of the large cropland patches at a smaller pixel size. The clumping of the cropland areas (i.e., PPU) decreases with increasing spatial resolution, as the landscape becomes more generalized and aggregated from high-resolution to low-resolution cropland extent maps (Figure 12 ) [53] . Therefore, the variations observed in the look, area proportion, and clumping of the cropland landscape are very crucial for determining the similarity among the three crop extent maps in different agriculture field sizes.
The similarity of PLAND and PPU at different spatial resolutions and field sizes demonstrates that all three crop extent maps have equal similarity in the large field sizes of Australia, the medium and large field sizes of the US, and the small field sizes of South-Asia (Figures 10-12) . However, the high-resolution crop extent maps (i.e., GFSAD30m) are more similar to the 250 m map than the 1 km crop extent maps for the small field size of Africa and the medium field size of the US (Table 14) due to their cropland distribution. As a result, the similarity in the characteristics of cropland areas mapped at different spatial resolutions provides suitable considerations and recommendations for using the three different crop extent maps in different agriculture field sizes (Figures 11 and 12) . Based on the comparison results of this paper, it can be clearly stated that agriculture monitoring must be carefully performed in different agriculture field sizes on different continents of the world (e.g., Africa, South-Asia, Australia, and the US) using an appropriate spatial resolution crop extent map.
Determining Specific Recommendations for When to Apply the Three GFSAD Cropland Extent Maps
With the availability of three different GFSAD cropland extent maps, the question of choosing an appropriate and suitable map for carrying out agriculture monitoring and management practices on different agriculture field sizes becomes a viable consideration. The comparison of the three different GFSAD cropland extent maps performed in this paper can be used to provide suitable recommendations for when to apply these maps in different agriculture field sizes ( Figure 13 ). The comparison of the characteristics of the cropland landscape indicate high similarity among the three different cropland extent maps in the large agriculture fields of the US and Australia and in the small fields of South-Asia. However, the cropland characteristics (i.e., look, area, and clumping) of the GFSAD30m and GFSAD250m crop extent maps are more similar than the GFSAD1km map in the medium and small field sizes of the US and Africa. Based on the low and high similarity of the proportion (PLAND) and clumping of cropland landscape (PPU) among the three cropland extent maps, recommendations for when to use which maps at the appropriate and suitable spatial resolution in different field sizes were developed. Table 17 presents these recommendations, which can be used for different field sizes on each of the continents to perform agriculture monitoring. 
Conclusions
Over the last few years, the mapping of global cropland datasets has been rapidly increasing. With the recent release of the three different GFSAD cropland extent maps produced by different researchers, their quality and reliability must be evaluated at global and regional scales. Previous assessments of global thematic maps have been limited by the small size of the reference data used resulting in reporting a single global accuracy value for the entire world. The large area accuracy assessment of three different GFSAD cropland extent maps performed here demonstrates an appropriate sampling strategy for collecting a large cropland reference dataset necessary to achieve meaningful accuracy results not only for the entire world, but also by continent. The assessment report of GFSAD30m cropland extent map is available at https://lpdaac.usgs.gov [63] .
When a global cropland extent map needs to be assessed for individual continents, the prevalent cropland distribution, area, spatial extent, and pattern of each region are very important to be considered for providing meaningful accuracy measures. Accuracy assessment performed in regions with varying crop proportion regions showed that a statistically valid, proportional, and random sampling design resulted in an insufficient sample size and low accuracy measures for regions with low cropland distribution and proportion. Therefore, depending on the objective of assessing the crop and no-crop maps of these low crop proportion regions, alternative sampling designs should be employed to achieve meaningful accuracy measures.
In addition to the estimation of accuracy measures of different continents, the overall accuracy of the three different cropland extent maps of the entire world show that the cropland extent mapping becomes more accurate towards the higher spatial resolutions. Consequently, the GFSAD30m cropland extent map with higher overall accuracy would be potentially preferable to the other coarser-resolution maps. However, despite the differences in the overall accuracy of the three different cropland extent maps, different-resolution cropland extent maps need to be compared in order to provide recommendations as to when to apply which map in different agriculture field sizes. The comparison of the characteristics of the cropland landscape mapped at the three different spatial resolutions is a very effective way of establishing the similarity among the cropland extent maps. The similarities between the three cropland extent maps were used to develop the following three main recommendations for the farmers, crop yield predictors, food market researchers, and policy-or decision-makers in choosing a suitable cropland extent map for agriculture monitoring in different agriculture field sizes:
The cropland extent maps developed at 30 m spatial resolution must be used in small agriculture field sizes of Africa. However, the cropland extent maps developed at 30 m and 250 m spatial resolution can be used for agriculture monitoring in small agriculture fields of South-Asia. 2.
The cropland extent maps developed at either 30 m or 250 m spatial resolutions are recommended for the medium field sizes of the United States for different agriculture monitoring purposes.
3.
The cropland extent maps developed at 30 m, 250 m, and 1 km spatial resolutions (i.e., any of the different spatial resolution crop extent maps) can be used in the large agriculture field size of Australia and the United States.
